Introduction
Enantioselective carbon-carbon bond formation is one of the lasting challenges in organic chemistry. Though well-established methods and strategies for stereocontrolled bond formation have been developed, the modern chemist should also consider 'green' values and hence avoid metal-based catalysis when possible. Thus asymmetric organocatalysis is in high demand and the subject of rigorous study. 1 A relatively recent addition to the library of organocatalysts is the family of thiourea-based bifunctional catalysts that combine a hydrogen bond-donor with a tertiary amine attached to a chiral scaffold. Thiourea-based bifunctional catalysis has indeed been extensively studied in recent years, with a great number of reports showing its applicability to a wide range of reactions. 2, 3 The stereochemical potential of Cinchona alkaloids has also been successfully exploited in the elaboration of thiourea-based organocatalysts. 4 Other recently reported Cinchona-based H-bond donor catalysts include squaramide 5 and sulfonamide derivatives. 6 We recently developed a concise, enantioselective synthesis for (S)-pregabalin (Lyrica ® ). 7 The key stereoselective Michael addition of Meldrum's acid 1 to the nitroalkene precursor 2a was performed with a novel 9-amino-(9-deoxy)-epi-quinidine thiourea catalyst 3, which contains the synthesis, in spite of complete conversion and a reasonable reaction time (eight hours in model studies). The Michael adduct 5a was attained using 3 with an enantiomeric excess of 75%, whereas 4 gave an ee of only 32% (Scheme 1). In this present study we set out to elaborate further the behavior of 3 in Michael addition reactions of Meldrum's acid to nitroalkenes. We also attempted to probe the general reactivity of thiourea-type catalysts by perturbing the bicoordinating ability of the thiourea moiety. 
Results and Discussion
We began our study on the activity of 3 by performing solvent and substrate screening. The results for the solvent screen are shown in Table 1 . There is little significant difference in enantioselectivity between CH 2 Cl 2 , Et 2 O and THF. MeCN gave a slightly lower selectivity, Meldrum's acid functions as a protected enol equivalent of acetic acid. Easy deprotection and further functionalization makes it an interesting nucleophile. 10 However, examples of asymmetric reactions with Meldrum's acid as a nucleophile are scarce, and furthermore the reports have not been encouraging, as was previously shown by Kleczkowska and Sas 11 . They reported poor enantioselectivities in the Michael addition of Meldrum's acid to β-nitrostyrene 2b, when catalyzed by Cinchona alkaloids or other chiral amines such as (-)-sparteine or (-)-brucine. Takemoto also reported mediocre enantioselectivity for the well-known Takemoto's catalyst in this reaction. 12 In a control experiment, we measured an ee of 31% when catalyst 4 was used.
For catalyst 3, we likewise found that the reaction between Meldrum's acid and aromatic and heteroaromatic nitroalkenes uniformly gave mediocre enantioselectivities with no clear trends based on electronic properties of the aromatic ring, as shown in Table 2 . Surprisingly, aliphatic substrates turned out to give slightly higher selectivities, though with ample room for further improvement. This seems to be a reversal of the common tendency of aliphatic nitroalkenes to give poorer stereoselectivity in thiourea-catalyzed nitro-Michael additions. However, the real surprise was the complete inactivity of 3 in the reaction between dimethyl malonate (7) and β-nitrostyrene. After 48 hours, racemic 8 was isolated in 14% yield, presumably the result of a slow background reaction (Scheme 2). With acetylacetone 9 as the nucleophile, a comparable reaction gave 10 in 45% yield with an ee slightly below 50%. For comparison, when catalyzed by 4 the reaction gave complete conversion in eight hours and an ee of 85%.
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Before addressing the question of this inactivity, the mechanism of bifunctional thiourea catalysts should be discussed briefly. The widely accepted qualitative rationalization presented e.g. by Takemoto et al. assumes the electrophile to be activated via H-bond assisted coordination of the nitro group to the thiourea (Scheme 3). 12b The protonated tertiary amine then directs the nucleophile to attack from the less hindered face. In a theoretical study, Pápai and Sóos showed 13 that while calculations do support this, and also explain the preferred stereochemistry of the product, an opposite coordination scheme is not only possible, but in fact energetically slightly more favorable. 
Takemoto
11b and Jacobsen 14 have also recently published X-ray structures of their respective thiourea catalysts. In both cases the thiourea N-H protons are found in a trans-conformation with respect to the sulfur atom across the N-C sp2 bond. Conversely, in our earlier study the thiourea moiety was found to be in trans/cis-form for a phenylfluorenyl-substituted Cinchona-thiourea catalyst. 7 A general survey of published thiourea crystal structures revealed that the trans/cis form is by far preferred in solid state, with less than 20% of published compounds showing solvated structures, it is possible that the additional demand of energy for finding the optimal conformation would pose problems for catalysts with substituents that force the thiourea moiety to retain its trans/cis-conformation. The unusually high acidity of Meldrum's acid (pK a 4.97 in H 2 O, 7.32 in DMSO) 16 shows that it can be deprotonated by an amine alone, as shown by the use of e.g. (-)-sparteine as a chiral base in the Michael addition (see above). The tertiary amine (pK aH 11/9.8 in H 2 O/DMSO) of the Cinchona-type thiourea catalysts might not be basic enough for the deprotonation of less acidic nucleophiles. Coordination to the thiourea H-bond donor sites is required to acidify the α-proton sufficiently for deprotonation to take place. In the case of 3, either insufficient acidity of the thiourea N-H protons and thus their poorer ability to act as H-bond donors, or steric clashes from the bulky trityl substituent could account for the inactivity of the catalyst with regard to dimethyl malonate. To investigate this, the 'Southern' substituent of the thiourea moiety was changed from trityl to cyclohexyl to give catalyst 11, which (like 3) has a significantly less acidic thiourea moiety than 4, and is sterically less demanding than 3. Catalyzed by 11, the reaction of dimethyl malonate and nitrostyrene gave 8 in 73% yield after 24 hours, with an ee of 73% (Scheme 4). Thus it seems that neither the acidity of thiourea N-Hs nor of the dimethyl malonate α-proton is a main factor for the inactivity of 3. The general mechanistic assumptions of bifunctional thiourea catalysts are based on the 1,3-dicarbonyl nucleophile deprotonation taking place on the more acidic enol form. There are practically no reports on the enolization constants of malonate diesters, and they are usually found to contain no enol form in solution (an NMR evaluation in CD 2 Cl 2 confirmed this). Hence the tentative conclusion is that the steric bulk of the trityl group disrupts crucial H-bond coordination and α proton acidification between dimethyl malonate and 3, thus strongly suppressing the deprotonation step. On the other hand, acetylacetone is normally enolized to a considerable extent, especially in nonpolar solvents, stabilized by the formation of an intramolecular H-bond. 17 This, together with the difference of several pK a units in the respective acidities of acetylacetone and dimethyl malonate α protons (9/13.3 vs. 13/15.9 H 2 O/DMSO) makes the former significantly easier to deprotonate, which most likely accounts for the difference in activities.
A recent report suggested that the bicoordinating ability of the H-bond donor site is not completely essential; according to a study by Lu, 6 the sulfonamide analogues of Cinchonaderived thiourea catalysts are quite able to catalyze the Michael reaction of β-ketoesters and nitroalkenes. We set out to test how the perturbation of the bicoordinating ability of the thiourea affects the activity of the catalyst. Based on the results of Lu, our tentative hypothesis was that perhaps one site would be enough, and this site should be closer to the Cinchona backbone to allow for interaction with the tertiary amine. This was examined by modifying the structure of 4 in order to prepare derivatives 12 and 13, in which both H-bond donors of the thiourea group are in turn substituted with methyl groups. The catalysts were prepared by condensation of the corresponding isothiocyanate and methylated amine (Scheme 5). The free amine 14 was prepared according to a slightly modified method of Brunner. 7, 18 The methylated catalyst 12 was prepared by first forming the corresponding ethyl carbamate 15 from 14. The carbamate was subjected to LiAlH 4 reduction to attain the amine 16, which was subsequently condensed with 3,5-bis(trifluoromethyl)phenyl isothiocyanate. Catalyst 13 was prepared via reversing the original route. The free amine 14 was converted into the corresponding isothiocyanate 17 in good yield. 7 The methylated aniline 18 was easily prepared from the commercially available 3,5-bis(trifluoromethyl)aniline via trifluoroacetylation, methylation and hydrolysis, giving a practically pure product in excellent yield. 19 The condensation step was found to be somewhat problematic, since 18 is an extremely electron-poor nucleophile. Catalyst 13 was obtained by deprotonating 18 with n-BuLi at -78 °C and then adding the isothiocyanate dissolved in DMF.
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Page 212 © ARKAT USA, Inc. We fond that, for both compounds 12 and 13, the catalytic activity was strongly diminished. After 48 hours the product was isolated in 36% and 45% yields, respectively, with practically no asymmetric induction. Hence this would seem to confirm that the bicoordinating ability is crucial for the functioning of thiourea-based catalysts (Scheme 6). There are other reports probing the activity of bifunctional thiourea catalysts by adding, blocking or removing additional hydrogen bond donor sites. Wang reported that catalyst activity in nitro-Michael addition is significantly boosted by addition of H-bond donor sites (19, 20) , giving improved yields and enantioselectivities. 20 Conversely, the enantioselectivity is significantly eroded when the additional coordination sites around the thiourea moiety are blocked or removed. In another study, Liang and Ye tested a hybrid Cinchona-thiourea catalyst 21 in which chiral 1,2-diaminocyclohexane was used as the other thiourea substituent, thus incorporating an additional primary amine in the catalyst structure. 21 The catalyst was found to be effective in Michael addition of diethyl malonate to both cyclic and open chain enones. Dimethylation of the free amino group completely suppressed the catalytic activity, but the authors did not further address the mechanistic questions this raises. 
Conclusions
Chiral bifunctional thiourea organocatalysts are a new and effective way to conduct asymmetric C-C-bond formation. Among the several promising examples are Cinchona-alkaloid derived thiourea catalysts that have been found to be effective in a wide range of reactions. In this study we have elaborated the activity of a novel trityl-substituted 9-amino-(9-deoxy)epi-quinidine thiourea catalyst and the properties of Meldrum's acid as a nucleophile in asymmetric Michael addition. Furthermore, we have probed the functionality of Cinchona-derived thiourea catalysts in general by preparing and testing N-methylated thiourea analogues. Blocking the thiourea N-H-sites with methyl groups led to severe lack of catalytic activity in the Michael-addition of dimethyl malonate to β-nitrostyrene, thus underlining the importance of the bicoordinating Hbond donor functionality for bifunctional thiourea-tertiary amine catalysts. General procedure for screening reactions Nitroalkene (0.8 mmol, 100 mol%) was loaded in a small vial equipped with a magnetic stirrer. Compound 1 (230 mg, 1.6 mmol, 200 mol%) was added, and the mixture was dissolved in CH 2 Cl 2 (0.5 mL). Catalyst 3 (50 mg, 0.08 mmol, 10 mol%) was added, the vial was capped and the mixture was stirred at room temperature until completion. The solvents were evaporated and the crude mixture analyzed by 1 H NMR and used as such in the derivatization step. 
5-(1-(3-Methoxyphenyl)-2-nitroethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (5d

5-(1-(Furan-3-yl)-2-nitroethyl)-2,2-dimethyl-1,3-dioxane-4,6-dione (5h
2,2-Dimethyl-5-(1-nitrohexan-2-yl)-1,3-dioxane-4,6-dione (5j
General procedure for derivatization
The crude product (100 mg) was loaded in a 5 mL flask and dissolved in dry DMF (2.5 mL). Distilled aniline (0.25 mL) was added and the mixture was heated to 100 °C for 3 hours. The mixture was partitioned between 10 mL EtOAc and 10 mL 1 M HCl, and washed further 3 times with 1 M HCl (à 10 mL). The organic phase was dried over MgSO 4 , filtered and evaporated. 
4-Nitro-N,3-diphenylbutanamide (6b
3-Cyclohexyl-4-nitro-N-phenylbutanamide (6i
1-(3,5-Bis(trifluoromethyl)phenyl)-3-((R)-(6-methoxyquinolin-4-yl)((2R,4S,5R)-5-vinylquinuclidin-2-yl)methyl)-1-methylthiourea (13).
Compound 18 (130 mg, 0.5 mmol, 100 mol%) was dissolved in dry THF (2 mL) under Ar and cooled to -78 °C. n-BuLi (2.2 M, 230 µL, 0.5 mmol, 100 mol%) was added and the resulting yellow mixture was stirred for 15 minutes. Isothiocyanate 17 (180 mg, 0.5 mmol, 100 mol%) dissolved in DMF (3 mL) was added, and the mixture was stirred at -78 °C for 40 minutes, then allowed to warm to room temperature and stirred for further one hour. The reaction was quenched by adding sat. NH 4 Cl (1.0 mL), and the mixture was partitioned between H 2 O (15 mL) and EtOAc (15 mL). The organic layer was washed with H 2 O (3 x 10 mL), dried over MgSO 4 , filtered and evaporated. The residue was purified by flash chromatography (3% to 10% MeOH in CH 2 Cl 2 ) to give 13 as an amorphous solid (158 mg, 52%). Another product was also isolated (50 mg) which had identical HRMS spectra and highly similar NMR spectra. 
